Pleomorphic xanthoastrocytoma (PXA) is an astrocytic neoplasm that is typically well circumscribed and can have a relatively favorable prognosis. Tumor progression to anaplastic PXA (WHO grade III), however, is associated with a more aggressive biologic behavior and worse prognosis. The factors that drive anaplastic progression are largely unknown. We performed comprehensive genomic profiling on a set of 23 PXAs from 19 patients, including 15 with anaplastic PXA. Four patients had tumor tissue from multiple recurrences, including two with anaplastic progression. We find that PXAs are genetically defined by the combination of CDKN2A biallelic inactivation and RAF alterations that were present in all 19 cases, most commonly as CDKN2A homozygous deletion and BRAF p.V600E mutation but also occasionally BRAF or RAF1 fusions or other rearrangements. The third most commonly altered gene in anaplastic PXA was TERT, with 47% (7/15) harboring TERT alterations, either gene amplification (n = 2) or promoter hotspot mutation (n = 5). In tumor pairs analyzed before and after anaplastic progression, two had increased copy number alterations and one had TERT promoter mutation at recurrence. Less commonly altered genes included TP53, BCOR, BCORL1, ARID1A, ATRX, PTEN, and BCL6. All PXA in this cohort were IDH and histone H3 wildtype, and did not contain alterations in EGFR. Genetic profiling performed on six regions from the same tumor identified intratumoral genomic heterogeneity, likely reflecting clonal evolution during tumor progression. Overall, anaplastic PXA is characterized by the combination of CDKN2A biallelic inactivation and oncogenic RAF kinase signaling as well as a relatively small number of additional genetic alterations, with the most common being TERT amplification or promoter mutation. These data define a distinct molecular profile for PXA and suggest additional genetic alterations, including TERT, may be associated with anaplastic progression.
INTRODUCTION
Pleomorphic xanthoastrocytoma (PXA) is an astrocytic neoplasm that most often presents in children or young adults but can also occur in adults (13, 32) . While the majority of tumors at presentation are WHO grade II tumors, a subset either present or recur with anaplastic features and are thus designated anaplastic PXA, WHO grade III (12) . Overall PXA has a reported prognosis of 67% survival at 10 years (32); however, development of anaplastic PXA is associated with a significant reduction in overall survival (15) .
The diagnosis of anaplastic PXA is made based upon tumor histopathologic characteristics and requires increased proliferative activity (mitotic index ≥5 mitoses/10 HPF), which is associated with worse overall survival (15) . In general, anaplastic PXAs acquire features of a more aggressive astrocytic neoplasm that can include increased proliferation, necrosis, microvascular proliferation, loss of pericellular reticulin, and increased infiltrative growth (15, 21) . The acquisition of these aggressive biologic behaviors suggests potential genetic evolution in these tumors. Yet, intratumoral genetic heterogeneity, an indication of tumor evolution (3, 14) , has not previously been studied in anaplastic PXA.
The activating BRAF p.V600E (c.1799T>A) mutation is a common genetic alteration in both PXA and anaplastic PXA, identified in approximately 65% of tumors (15, 36, 49) . BRAF p.V600E mutations are common in several cancers, including low grade gliomas, melanoma, thyroid, and colon cancer (8) (9) (10) 36) , in which they drive activation of the mitogen-activated protein kinase (MAPK) signaling pathway (9, 46) . Identification of the mutation can be important as BRAF V600E mutant protein can be targeted therapeutically by small molecule inhibitors of both RAF (eg, vemurafenib) and MEK (eg, trametinib). In addition, PXAs commonly harbor homozygous deletion of the CDKN2A tumor suppressor (encoding both p16 and p14) on chromosome locus 9p21.3 (45, 47) . Across all pediatric gliomas, the combination of BRAF mutation and CDKN2A homozygous deletion is common in low-grade tumors that transform to high-grade and is associated with poor response to current adjuvant therapies (25, 30) . Other genetic alterations recurrently seen in pediatric and adult diffuse gliomas have not been reported in anaplastic PXA, such as alterations in SETD2, H3F3A, HIST1H3B, EGFR, PDGFRA, FGFR1, PIK3CA, and PTEN (5, 6, 40, 49) .
Advances in molecular characterization of central nervous system neoplasms seek to improve tumor classification and therapeutic outcome (11, 16, 36, 37, 39, 43) . Indeed, recent changes in the 2016 WHO Classification of Tumors of the Central Nervous System incorporate histopathologic and molecular features for diagnosis of several entities (28) . Currently, anaplastic PXA is diagnosed based solely on histopathologic features. Yet recent reports based on DNA methylation data suggest anaplastic PXA-like tumors can masquerade as GBM (24) and epithelioid GBM (1, 23) . Importantly these PXA-like tumors were associated with a more favorable prognosis than GBM and included both BRAF p.V600E mutant and non-mutant tumors in approximately equal proportions (24) . These findings suggest both histologic analysis and determination of BRAF p.V600E mutation status may not capture all tumors with the biologic behavior of anaplastic PXA. Indeed, in-frame gene fusions involving RAF kinase family members can drive MAPK signaling and have been identified in PXA lacking BRAF p.V600E mutations (33) .
Despite progress in our understanding of certain molecular events in PXA, currently there are no molecular markers associated with anaplastic progression. In this study we ask whether tumors that have undergone anaplastic progression share specific features or characteristic genetic alterations. We performed genomic profiling on tumors from 15 patients with anaplastic PXA of which 4 had tumor samples from multiple recurrences and one had six anatomically distinct samples from a single tumor. Of the four cases with multiple resections, two had anaplastic progression.
MATERIALS AND METHODS

Case selection and histology
A total of 23 cases were identified based upon submission for clinical testing or from review of records in the UCSF Brain Tumor Research Center Biorepository and the Department of Pathology, Division of Neuropathology at the University of California San Francisco. Each case was reviewed and diagnosed as part of their diagnostic workup at UCSF, which included review by one senior neuropathologist (A.P., A.W.B., or T.T.), and all cases were re-reviewed by two expert neuropathologists (J.J.P. and D.A.S). In addition, diagnostically challenging cases were reviewed by a consensus group of neuropathologists (A.P., A.W.B., T.T., and D.A.S.) with a uniform consensus diagnosis of PXA or anaplastic PXA established for all included cases. The distinction between PXA (WHO grade II) and anaplastic PXA (WHO grade III) was based upon the grading criteria of ≥5 mitoses per 10 high power fields as stated in the 2016 WHO Classification (28) . A summary of the histologic features for each of the cases is presented in Supplementary Table 1 , including presence or absence of eosinophilic granular bodies, infiltrative growth, pericellular reticulin deposition, perivascular inflammatory infiltrate, OLIG2 expression, mitotic activity, Ki-67 labeling index, p16 expression, necrosis, microvascular proliferation, and leptomeningeal extension. Immunohistochemical assessment was performed using antibodies against: neurofilament (NF) protein (Cell Marque predilute (clone #2F11), Rocklin, CA), MIB-1 for Ki-67 (790-4286 Ventana predilute, Ventana Medical Systems, Inc., Tucson, AZ), OLIG2 (Immuno Biological Laboratories Co., Ltd., Gunma, Japan), and p16 (E6H4, Ventana Medical Systems, Inc., Tucson, AZ). Digital photomicrographs were taken using an Olympus DP72 camera.
Genetic evaluation
DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) or flash-frozen tissue using the QIAamp DNA FFPE Tissue Kit (Qiagen, Venlo, The Netherlands) according to the manufacturer's protocol. Genomic DNA was extracted from peripheral blood (15/19) sequencing reads were removed computationally to allow for accurate allele frequency determination and copy number estimates (41) . The analysis was performed using the following software packages: BWA, Samtools, Picard tools, GATK, CNVkit, Pindel, SATK, Annovar, Freebayes, Delly, and Nexus Copy Number Biodiscovery. Single nucleotide variants (SNVs), small indels, and structural rearrangements were visualized individually using Integrated Genome Viewer (IGV) and reference genome assembly GRCh37/ hg19. For somatic SNVs and small indels, we required high quality variants, coverage of >50 total reads and absence in the germline. For this platform, samples with at least 25% tumor, ≥200× coverage for the tumor sample, and ≥100× coverage for the normal sample, the detection sensitivity is 99% and 83% and the specificity is 98% and 71% for fully clonal SNVs and small indels, respectively, and the sensitivity of detection of copy number changes is 100%. Large insertions, deletions, and copy number alterations were visualized using IGV and Nexus Copy Number.
Ethics statement
The ethics approval number for the use of de-identified human biospecimens and autopsy material is 10-01318. These studies were in accordance with the ethical standards of the institutional research committee and with the 1964 Helsinki declaration and its later amendments. This article does not contain any studies with animals.
RESULTS
Clinical-pathologic features
Patient clinical characteristics and tumor WHO grade is summarized in Figure 1 . We identified 23 tumors, including 15 anaplastic PXA (WHO grade III), from a total of 19 patients. In the cohort of patients with anaplastic PXA, the median age at initial diagnosis was 24 years (range 9-74), and tumors were primarily supratentorial 94% (14/15) with 40% (6/15) involving the temporal lobe. In patients with anaplastic PXA, median follow-up was 3.2 years from disease diagnosis (range 0.3-17.6 years, n = 12) and two patients had died of their disease (Supplemental Figure  1a) . Overall, 92% (12/13) had recurred with a median recurrence-free survival from first diagnosis of 1.3 years (range 0.5-6.7 years) (Supplemental Figure 1b) . In the majority of cases leptomeningeal disease was noted (7/10). In the four patients with PXA lacking anaplastic features, median follow-up was 3.3 years from disease diagnosis (range 0.2-14.5 years, n = 4) and two had recurred (Supplemental Figure 1a-b) .
All tumors demonstrated characteristic features of PXA ( Figure 2 , left column), including pleomorphic, spindled, or sometimes focal epithelioid neoplastic cells with astrocytic morphology, pericellular reticulin, often eosinophilic granular bodies, primarily solid, non-infiltrative growth pattern highlighted by a relative lack of neurofilament-positive neuronal processes within the tumor, immunostaining for OLIG2, and relatively low to moderate proliferation (mean mitotic index <1 mitosis per 10 high power fields, n = 4). Anaplastic PXA ( Figure 2 , right column) shared similar features with PXA, including eosinophilic granular bodies, but, in addition, harbored regions with increased proliferation (mean 14.4 mitoses per 10 high power fields, n = 11, and mean 15% Ki-67 labeling index, n = 15) and often had tumor regions with loss of pericellular reticulin and increased tumor cell infiltration with entrapped neuropil. The identification of solid growth with a lack of diffuse infiltration, a biphasic tumor with both solid and infiltrative regions, presence of eosinophilic granular bodies, and presence pericellular reticulin was used to establish a diagnosis of anaplastic PXA vs. an infiltrative glioma or epithelioid glioblastoma. Anaplastic PXA with or without BRAF p.V600E mutation had similar histologic appearance (data not shown). The histopathologic and immunohistologic features of the tumors are summarized in Supplemental Table 1 .
Somatic variants and copy number alterations
Targeted capture and next-generation sequencing of 510 cancer-associated genes was performed in each sample to identify single nucleotide variants, insertion/deletions (indels), structural variants including gene fusions, and copy number alterations (Supplemental Table 2 ). All nineteen tumors from individual patients harbored alterations in RAF family kinase members. BRAF was altered in 89% (17/19) with the activating BRAF p.V600E mutation identified in fifteen tumors, one tumor with an in-frame deletion of 15 base pairs within exon 12 of the BRAF gene, and one tumor with an NRF1-BRAF in-frame gene fusion. The remaining two tumors had structural rearrangements involving RAF1, one with an ATG7-RAF1 in-frame gene fusion and one with a 39 Kb deletion of a segment of chromosome 3p25.2 containing the 5′ coding exons of the RAF1 gene that fuses an upstream intergenic region with exons 8-17 of RAF1 containing the carboxy-terminal serine/threonine kinase domain (Supplemental Table 3 ). The NRF1-BRAF fusion and ATG7-RAF1 fusion have previously been reported and are associated with activation of MAPK signaling activity (19, 33) and similar small in-frame deletions within exon 12 of BRAF have been shown to drive MAPK signaling activity in Langerhans cell histiocytosis lacking BRAF p.V600E mutation (7). In tumors from four patients with multiple resections, alterations in RAF family kinase genes and homozygous deletion of the CDKN2A locus were retained at each recurrence. Homozygyous/biallelic deletion of the CDKN2A locus at 9p21 was identified in 95% (18/19) of tumors. The single remaining tumor had loss of one copy of chromosome 9 without a genetic event affecting the remaining CDKN2A allele identified. However, this tumor demonstrated complete absence of immunostaining for p16 protein, suggesting biallelic inactivation of CDKN2A through epigenetic silencing (eg, promoter methylation) or a cryptic genetic alteration not detected by this sequencing assay (2, 34, 44) . After BRAF p.V600E mutation and CDKN2A homozygous deletion, the most common alteration identified in 47% (7/15) of anaplastic PXA was alteration of the TERT gene. Two tumors contained amplification of the TERT gene and five tumors harbored a hotspot mutation in the promoter region of TERT that is common in glioblastoma, oligodendroglioma, and several other human tumors and results in expression of telomerase reverse transcriptase (TERT) (4, 17) . One additional tumor had gain of chromosome 5p that includes the TERT gene (PXA#10). After TERT, additional alterations were rare with the most common alterations, occurring in two independent anaplastic tumors each, were known pathogenic mutations in TP53 (TP53 p.R273H and p.V225fs), truncating mutations or deletions in BCOR or BCORL1 (BCOR homozygous deletion, BCORL1 p.S55fs,), truncating or missense mutation in SPTA1 (SPTA1 p.V982fs and p.T1953I), and focal deletion of ARID1A (Figures 1  and 4 , Supplemental Tables 4-5). Additional likely pathogenic missense mutations were identified in ATRX, PTEN, GAB2, CBL, NF1, and NOTCH3, and BCL6 (Supplemental Table 3 ). Mutation or amplification of TERT and mutation of ATRX were mutually exclusive. A single anaplastic tumor, PXA#15, had focal amplification of chromosome 4q12 including PDGFRA (Supplemental Table 5 ). Examination of somatic nonsynonymous single nucleotide variants, stop gains, splice site, or frameshift insertions/deletions revealed an average of 2.7 alterations total per anaplastic tumor (range 0-7, Figure 1) . The mean number of alterations in tumors from patients 24 years or younger (1.9) was less than that in tumors from patients older than 24 years (3.6) (P < 0.05). Several characteristic gene alterations of pediatric and adult infiltrating astrocytoma were not identified, including alterations in IDH1, IDH2, SETD2, H3F3A, HIST1H3B, EGFR, FGFR1-3, ACVR1, PPM1D, NTRK1-3, MYB, MYBL1, and PIK3CA.
In addition to copy number alterations involving chromosome 9 and the CDKN2A locus, copy number alterations were frequent and involved whole chromosome or whole arm gains, losses, and copy-neutral loss of heterozygosity (CNLOH). Overall, anaplastic PXA harbored a median of 5 altered chromosomes per tumor (range 0-21) and PXA without anaplastic features had a median of 2 altered chromosomes per PXA (range 1-11) (P = 0.3). The most common alterations in anaplastic tumors included gains involving chromosome 5 (n = 7) and 21 (n = 7) and losses involving chromosome 9 (n = 12) and 10 (n = 7) (Supplemental Table 5 ). While the mean number of copy number alterations per tumor was greater in patients older than the median age of 24 at initial diagnosis (10.7 vs. 4.1, P < 0.05), the progression-free survival for patients with 3 or less (3.2 years) vs. more than 3 (1.3 years) copy number alterations per tumor was not significantly different. Whole chromosome copy number gains resulted in up to 7 copies of a single chromosome. While whole loss or copy-neutral loss of heterozygosity of chromosome 10 was common (5/15), focal loss of 10q was not identified.
Anaplastic progression of PXA
Four patients had tumor tissue from multiple recurrences, including two with anaplastic progression from PXA to anaplastic PXA following a subtotal resection (Figure 3) . In both cases with anaplastic progression there was a marked increase in copy number alterations (Supplemental Table 5 ). In addition, PXA#8r harbored a newly acquired TERT promoter mutation (TERT g.1,295,228G>A [c.
-124C>T], commonly termed TERT C228T) while PXA#7r contained a focal deletion of ARID1A and a CBL p.C384R mutation (Supplemental Tables 4-5 ). Consistent with ongoing genomic evolution of anaplastic PXA over time, acquired alterations at recurrence included focal deletion of ARID1A in two tumors, gain of missense mutations or truncating mutations in NOTCH3 and NF1, and increased copy number alterations.
Intratumoral heterogeneity of genetic alterations in anaplastic PXA
Intratumoral heterogeneity of genetic alterations reflects the evolution of genetically distinct subclones that ultimately leads to malignant progression. To investigate the intratumoral heterogeneity in anaplastic PXA, a total of 6 samples were analyzed from anatomically distinct regions of PXA#4, taken at time of autopsy (Figure 4a ). H&E staining revealed only minimal variation in tumor cell morphology in the different regions, while Ki-67 immunostaining demonstrated increased proliferation in sample 1A at the anterior and inferior most aspect of the resection cavity (Figure 4b ). All samples contained NRF1-BRAF fusion with identical fusion breakpoints, and copy number analysis revealed focal CDKN2A homozygous deletion on chromosome 9p21 with identical deletion breakpoints in all 6 samples (Figure 4c , Supplemental Table 5 ). In contrast, copy number loss involving an interstitial portion of chromosome 6q was only present in 3 tumor regions. On average three non-synonymous single nucleotide variants was identified per tumor region (range 1-5) (Table 1  and Supplemental Table 4 ). A variant in the KEAP1 gene, which encodes Kelch Like ECH Associated Protein 1, located in the BTB domain (p.V79D, NM_012289) was identified in all 6 tumor regions. Despite similar high tumor content of all samples based on the uniformly deep amplitude of the CDKN2A homozygous deletion, the mutant allele frequency of the KEAP1 variant ranged from 3% to 37%, suggesting that the regions contained different proportions of tumor cells harboring the KEAP1 mutation. The remaining somatic mutations were identified regionally and at lower variant allele frequencies than the KEAP1 variant. Region 1B and 1F shared variants in FOXO1, TNC, and MGA, but did not share additional variants from other areas ( Table 1) . Variants identified in tumor regions 1C, 1D, and 1E were not shared with other regions.
Together, these data demonstrate that the NRF1-BRAF fusion and CDKN2A homozygous deletion were likely to have occurred early in tumor development, while other variants present at subclonal mutant allele frequencies (eg, KEAP1 variant) were likely to have occurred later during the course of tumor progression.
DISCUSSION
Anaplastic PXA is associated with a more aggressive clinical course, yet the factors that drive anaplastic progression are unknown. Using capture-based next-generation sequencing of 23 PXA from 19 patients, including fifteen anaplastic PXA, we find that PXAs are genetically defined by the combination of CDKN2A biallelic inactivation and RAF alterations that were present in all cases. While no generalized recurrent genetic alterations were associated with a more aggressive biologic behavior, 47% (7/15) of anaplastic PXA had alterations of TERT, including hotspot mutation in the TERT promoter and amplification of the TERT gene. In one case TERT promoter mutation accompanied anaplastic progression in a matched tumor pair. Given these data in combination with previous reports of TERT promoter mutations in a small number of PXA, anaplastic PXA, and epithelioid GBM (17, 20, 23, 29, 31) , we suggest alterations in the TERT promoter are more common than previously reported and likely contribute to anaplastic progression in PXA. While our cohort of WHO grade II tumors was too small to compare between WHO grade II and grade III tumors, analysis of published reports (17, 20, 23) reveals that TERT promoter mutation is more common in PXA with anaplastic features vs. PXA without anaplasia (Supplemental Table 7 and 8, Fisher's exact test, P < 0.05, n = 37 with TERT promoter mutation, n = 132 without). The coexistence of TERT promoter and BRAF p.V600E mutations has been reported in several cancers, including melanoma and papillary thyroid cancer for which the coexistence of the two mutations is associated with more aggressive disease (26, 38, 48) . Mechanistic studies suggest BRAF driven MAPK signaling can synergize with TERT promoter mutation to drive oncogenesis (27) . Consistent with a potential synergistic oncogenic action involving MAPK signaling, we identified TERT alterations in both BRAF p.V600E mutant anaplastic PXA (5/11) and tumors with alternate RAF family kinase alterations that lack BRAF p.V600E (2/4). While TERT alterations were identified across all age groups, TERT amplification (n = 2) was identified in younger patients while TERT promoter mutation (n = 5) was identified in patients 11 years or older. The potential importance of telomere maintenance in PXA is further supported by the identification of a loss of function mutation in ATRX in a tumor without TERT alterations. Previously, two cases with ATRX deletion and one case with activation of the alternative lengthening of telomeres pathway in combination with ATRX protein mislocalization have been reported in anaplastic PXA (35, 45) . Additional studies are needed to investigate the prognostic role for TERT and ATRX alterations in PXA and their potential role in anaplastic progression.
Widespread copy number alterations including gains, losses, and copy neutral loss of heterozygosity (CNLOH) were identified in both PXA and anaplastic PXA. Comparing tumors at initial diagnosis (n = 8) to those at recurrence (n = 11), there was no significant difference in the number of alterations; however, in three of four matched pairs, we observed an increase in copy number alterations over time. One pair had an initial diagnosis of anaplastic PXA and two pairs progressed from PXA to anaplastic PXA. In conjunction with recent reports, these data indicate that a subset of PXA undergo a period of chromosomal instability during anaplastic progression with acquisition of numerous chromosomal gains and losses (45) . In contrast, other PXA show similar chromosomal copy number profiles at recurrence, indicating that recurrence and anaplastic progression in PXA is not always driven by chromosomal instability (45) .
In addition to mutations in BRAF and TERT, there were a small number of less commonly altered genes in anaplastic PXA including ATRX, PTEN, TP53, BCOR, BCORL1, ARID1A, and BCL6. Interestingly, focal deletion of ARID1A occurred in two matched pairs at recurrence, which appeared to be either subclonal or heterozygous in both cases. Our tumors lacked pathogenic alterations in several genes characteristic of specific pediatric or adult glioma entities, including IDH-wildtype GBM and pediatric subtypes of GBM, which can mimic PXA or anaplastic PXA (1, 23, 24) . These included a lack of alterations in The distinction between anaplastic PXA and epithelioid GBM can be challenging and some authors have speculated that these may be related entities or possibly the same entity (1, 18, 29, 31, 42) . A recent genomics study suggested that epithelioid GBM is a histologic pattern of high grade glioma that may represent at least three molecularly and biologically distinct entities, including PXA (23) . Epithelioid GBM that clustered by genome-wide methylation analysis with PXA in this study had absence of oncogene amplifications and intact chromosome 10q containing the PTEN locus. In our cohort, focal amplification of receptor tyrosine kinase genes including EGFR, PDGFRA, MET, or FGFR1 was seen in only a single case (PXA #15 with PDGFRA amplification) and whole chromosome 10 loss or copyneutral loss of heterozygosity was seen in five cases. Focal loss of 10q was not identified. Although gain of chromosome 7 was present in six cases and whole loss or copyneutral loss of heterozygosity of chromosome 10 was present in five cases, the combination of polysomy 7 and monosomy 10 was only present in two cases in this cohort (anaplastic PXA #7, and PXA #18, both of which were highly aneuploid tumors with classic histologic features of PXA, BRAF V600E mutation, and CDKN2A homozygous deletion). This provides a cytogenetic distinction from the vast majority of IDH-wildtype glioblastomas arising in the cerebral hemispheres of adults that harbor this combination of trisomy 7 and monosomy 10. Analysis of genetic intratumoral heterogeneity in anaplastic PXA revealed both clonal and subclonal alterations. Oncogenic alterations occurring early in tumor development, homozygous deletion of CDKN2A and the NRF1-BRAF fusion, were identified in all 6 tumor regions. In contrast, a variant in KEAP1 (p.V79D) was present at different mutant allele frequencies across tumor regions. In addition, across the different regions of the same tumor several subclonal somatic variants and copy number alterations were identified. The KEAP1 protein regulates NRF2 (nuclear factor erythroid 2-related factor 2) via ubiquitination. While the KEAP1 p.V79D variant has not previously been associated with cancer, this amino acid is highly conserved and other alterations in the KEAP1 BTB domain have been associated with constitutive activation of NRF2 in cancer (22) . These data demonstrate genetic heterogeneity in anaplastic PXA. The contribution of these variants to tumor evolution and tumor aggressiveness will be of interest for future studies.
In summary, while BRAF p.V600E mutant gliomas represent a heterogeneous group of neoplasms, our data confirm that CDKN2A homozygous deletion in combination with RAF alterations is a defining genetic feature of PXA and anaplastic PXA. Furthermore, chromosomal copy number alterations are widespread and common. Our data demonstrate that alterations in TERT are frequent, identified in 47% (7/15) of tumors, and suggest that several pathways may contribute to anaplastic progression in PXA. Supplemental Table 1 . Summary of histologic and immunohistologic features of PXA cohort.
Supplemental Table 2 . Genes targeted for sequencing on the UCSF500 Cancer Panel.
Supplemental Table 3 . Structural variants identified in the PXA cohort.
Supplemental Table 4 . Somatic single nucleotide variants (SNVs) and small insertions/deletions identified in the PXA cohort.
Supplemental Table 5 . Somatic copy number alterations in the PXA cohort.
Supplemental Table 6 . Intratumoral somatic single nucleotide variants (SNVs) identified in PXA#4.
Supplemental Table 7 . Synopsis of PXA with or without anaplastic features investigated for TERT promoter mutations.
Supplemental Table 8 . Association of TERT promoter mutation and anaplastic features in PXA.
